Abstract. We discuss the origin of a periodic wave-like variation as a function of the orbital phase observed in the light curves (LC) of symbiotic stars. It is shown that this type of variability cannot be ascribed to a reflection effect. For example, the observed amplitudes of the LCs are far larger than those calculated within a model of the reflection effect. Here, the nature of the orbitally related changes in the optical continuum is outlined within an ionization model of symbiotic binaries.
Introduction
Symbiotic stars are interacting binaries consisting of a cool giant and a hot compact star. Typical orbital periods run between 1-3 years. The giant component losses mass, part of which is accreted by its companion. The hot star ionizes a portion of the giant's wind, giving rise to nebular emission. As a result the spectrum of symbiotic stars consists of basically three components of radiation -two stellar and one nebular. Such composition of the spectrum was demonstrated well for Z And, BF Cyg and AG Dra (Nussbaumer & Vogel 1989; Fernandéz-Castro et al. 1990; Greiner et al. 1997) . In many cases the nebular radiation dominates the optical.
A very significant feature of LCs of many symbiotic stars is a periodic wave-like variation along the orbital motion (see Fig. 1 ). It displays a large amplitude (i.e. magnitude difference between the maximum and minimum of the light), ∆m ∼ 1 mag or more, which is a function of the wavelength -we always observe ∆U > ∆B > ∼ ∆V . The period is approximately equal to the orbital period, and a minimum occurs at/around the inferior conjunction of the cool component. These properties relate this type of variations to the orbital motion. Originally, Boyarchuck (1966) and Belyakina (1970) suggested a reflection effect as responsible for such variability in the AG Peg LC. In this model, the hot star irradiates and heats up the facing giant's hemisphere that causes variation in the star's brightness when viewing the binary at different orbital phases. This natural explanation was adopted by many authors (e.g. Kenyon 1986 ) and it is still popular (e.g. Munari 1989 Munari , 1992 Dobrzycka et al. 1993; Proga et al. 1996 Proga et al. , 1998 . On the other hand, some authors have never used the reflection effect and/or found it to be problematic to interpret their data. For example, Nussbaumer & Vogel (1987) suggested a new approach to symbiotic stars based on the interaction of the hot star radiation with the cool stellar wind. Formiggini & Leibowitz (1990) found that the reflection effect requires an extremely high bolometric luminosity of the hot component, to explain the light variation in AG Dra, AX Per and AG Peg. Schmutz et al. (1994) did not find any irradiation effect in the red giant spectrum of SY Mus, although its visual LC varies with an amplitude of 0.6 mag. Recently Skopal (1996) demonstrated that the reflection effect is not a reliable interpretation of the wave-like variation in the optical continuum of V443 Her.
Accordingly we show that the reflection effect cannot explain the orbitally related wave-like modulation of LCs of symbiotic binaries. To demonstrate this, we compare basic observational properties of this variation to those caused by the reflection effect (Sect. 3). In Sect. 4 we describe a simple ionization model, which could be responsible for such variation. Figure 1 shows examples of the periodic wave-like variation in the UBV LCs for selected symbiotic stars. Table 1 summarizes its basic characteristics -the amplitude, ∆m, and the profile through a parameter a (Sect. 3.2). Photometric UBV observations used in this paper has been extracted from the literature and are also referred in Table 1 . and +, represent observations in the U , B and V band, respectively. Profiles of the LCs are characterized by the parameter a ∼ 0.5 (left panels), 0.5 < a < 1 (mid) and a ≈ 1 (right), see Sect. 3.2. In cases of a poor coverage of orbital cycles, the data were folded according to their photometric ephemerides. Sources of the data are given in Table 1 
Observation

Properties of the wave-like variation
In this section we compare the observed parameters of the wave-like variation -its amplitude and profile -to those given by the reflection effect.
The amplitude of light curves
The largest amplitude, between ∼0.5 and ∼2.5 mag, is observed in the U band (Fig. 1, Table 1 ). In the model of the reflection effect, it is given by the luminosity ratio of the illuminated to the non-illuminated giant's hemisphere. The upper limit (i = 90
• ) of the magnitude difference between the two hemispheres, ∆m max , can be expressed as
where L g is the luminosity of the giant and L RE represents the portion of the hot component luminosity, L h , impacting the giant. If the separation between the stars, A, is significantly larger than the giant's radius, R g , then
2 × L h , and Eq. (1) reads as Skopal et al. (2000) , 2 -Hric et al. (1994 2 -Hric et al. ( , 1996 , Skopal et al. (1995 Skopal et al. ( , 1997 , Skopal (1998b ), 3 -Belyakina (1979 , 1984 ), 4 -Skopal (1997 ), 5 -Hric et al. (1991 , 1994 , Kaler (1987) , Kaler et al. (1987) , Skopal et al. (1992 ), 6 -Arkhipova & Ikonnikova (1989 , Chochol et al. (1999 ), 7 -Arkhipova & Noskova (1985 , 1987 ), 8 -Belyakina (1986 ), 9 -Taranova & Yudin (1987 , Belyakina (1992) , Kolotilov et al. (1995 ), 10 -Belyakina (1965 , 1970 , Komárek (1990) , Fernie (1985) , Luthardt (1989) , Tomov & Tomova (1998) . • and 45
• and limb darkening coefficient u = 0.6. They are characterized by the parameter a < ∼ 0. 5 (Sect. 3.2) where the parameter
measures the strength of the illuminating radiation field relative to that of the giant. So the amplitude of the LC caused by the reflection effect is determined only by the parameter β. Because of its importance in defining the investigated amplitude we also determined its uncertainties in the cases under discussion (Appendix A). Results are summarized in Table 1 . We can see that the parameter β determined from observations can produce a maximum magnitude difference ∆m max < 0.1 mag, which is far below the observed quantities. On the other hand, the reflection effect (Eq. 2) requires β ≥ 1 − 10 to match the observed amplitudes. However, this problem should be treated by solving the radiation transfer of a very hot light (T ∼ 10 5 K) throughout a very cool atmosphere (T eff ∼ 3 000 K) to learn how the reprocessed UV/EUV radiation contributes into the Balmer and Paschen continua. An exact approach to the reflection effect was outlined by Vaz & Nordlund (1985) and Nordlund & Vaz (1990) for similar effective temperatures of the component stars, but not for very cool stars, where the TiO absorption bands are important. Recently, Proga et al. (1996) treated this problem for symbiotic binary stars using a non-LTE photoionization model, but also without including molecules. According to their model, significant changes in the structure of the red giant atmosphere are expected for β 1 and negligible when β 1. Their calculations showed that the magnitude difference between the illuminated and nonilluminated hemisphere ∆K < ∼ ∆V < ∼ ∆B < ∼ ∆U < 0.3 mag in the range of considered temperatures between 20 000 and 200 000 K for β = 10, 1, 0.1 and 0.01 (cf. their Fig. 6 ). Also according to this study, the theoretical differences in broadband magnitudes between the opposite hemispheres of an illuminated red giant are also very small, ∼ 0.0 − 0.1 mag, far from those observed.
The shape of light curves
To characterize the shape of the observed LC we introduce a parameter a as
where m(0) and m(0.25) are the magnitudes at the orbital phases 0 and 0.25, respectively, and ∆m max is the amplitude of the LC. The shape of the LC resembles a sinusoidal curve for a = 0.5, but a > 0.5 implies a broader maximum than minimum. We can recognize 3 types of LCs, characterized by (i) a ∼ 0.5 (e.g. V1329 Cyg, AG Peg, left panels of Fig. 1 ), (ii) 0.5 < a < 1 (e.g. CI Cyg, AX Per, mid panels of Fig. 1 ) and (iii) a ≈ 1 (e.g. He2-467, EG And, right panels of Fig. 1 ). In some cases the parameter a depends on wavelength: Table 1 ). Note that extreme values of a ∼1 indicate the possible presence of a secondary minimum in the LC. Shaping of LCs caused by the reflection effect is determined by a reflection function. To construct such a LC we assume that the observed luminosity of the binary, L( ), is given by the sum of a constant part of the system luminosity, L const , given mainly by stellar components, and a phase dependent variable light, L v ( ), given by the reflection function. Then we can write
where = arccos(sin i cos θ) is the angle between the line of sight and the direction to the hot component, the phase angle θ is determined by the position of the hot star on its relative orbit around the cool giant and i is the orbital inclination. The observed magnitude of the system then can be expressed as
In our calculations we adopted the reflection function derived by Hadrava (1992) . Figure 2 shows example of LCs given by Eq. (6). We can see that the reflection effect produces a strictly periodic modulation of the light along the orbital cycle characterized by the parameter a < ∼ 0.5. Therefore the observed profiles characterized with 0.5 < a < ∼ 1 cannot be reproduced by the reflection effect. In addition, recently revealed systematic variation in the minima positions in the LCs of symbiotic binaries (Skopal 1998a ) also argues against the location of the main source of the optical continuum on the giant's hemisphere. We conclude that the observational characteristics of the LCs of symbiotic binaries -the large amplitude, the profile of minima and variation in their positions -cannot be reproduced by the reflection effect.
What mimics the reflection effect in symbiotic binaries?
To get a better idea of the origin of the orbitally related wave-like variation we discuss it within the basic model of symbiotic binaries -the cool giant losing material via the stellar wind and the hot luminous compact object ionizing a portion of the neutral wind. Such composition creates a strong source of nebular emission in the binary, which often dominates the optical region (e.g. BF Cyg, AG Dra, He2-467, AS 338). Therefore we discuss the apparent variation in the optical continuum within an ionization model. First, we introduce the simplest model of the ionization structure in symbiotic binaries.
A zero level ionization model
The extent of the ionized zone can be obtained from a parametric equation the solution of which defines the boundary between neutral and ionized gas at the orbital plane determined by a system of polar coordinates, r, ϑ, with the origin at the hot star. The function f (r, ϑ) was treated for the first time by Seaquist et al. (1984) , hereafter STB, for a steady state situation and pure hydrogen gas. The parameter X is given mainly by the binary properties -separation of the components, number of hydrogen ionizing photons, terminal velocity of the wind, v ∞ , and the mass-loss rate (for details see STB, Nussbaumer & Vogel 1987) . The particle density of the ionized material is given by the velocity distribution of the giant's wind, which is assumed to be of the form
where r is the distance from the centre of the cool star, and R is the origin of the stellar wind (≈ the radius of the giant). Figure 3 shows examples of the H i/H ii boundary for X = 0.3, 1, 10 and the parameter γ = 2.5 in the wind model (8). STB used γ = 0, which represents a constant velocity of the wind (= v ∞ ); no acceleration zone above the giant's photosphere exists. However, stellar wind characterized by the parameter γ > 0 will accelerate gradually above the photosphere to its terminal velocity; it is a more realistic model. Therefore, according to Schröder (1985) , we adopted γ = 2.5 in our calculations. In this model, the source of the nebular radiation is physically displaced from the cool giant photosphere. We now test if the amount of emission produced by this model is consistent with observations.
Emission measure
We investigate the balance between the observed nebular emission in the continuum and that produced by the ionization model. The nebular flux largely depends on the number of hydrogen recombinations, and is proportional to n + n e dV , (the so called emission measure -EM ); n + and n e is the concentration of ions (protons) and electrons, respectively.
(i) Observations: The quantity of the EM can be estimated, for example, from the measured flux, F obs λ (erg cm −2 s −1Å−1 ), of the nebular continuum at the wavelength λ, according to the equation
in which d is the distance to the object, ε λ is the volume emission coefficient per electron and per ion (erg cm 3 s −1Å−1 ) and V is the volume of the ionized zone. The nebular flux can be obtained from the energy distribution in the spectrum. Its upper limit can also be estimated from the dereddened U -magnitude of systems, in which the nebular continuum dominates the optical.
(ii) Model: The source of the nebular radiation in the model is the ionized region, in which the rate of ionization/recombination processes is balanced by the rate of photons, L ph (photons s −1 ), capable of ionizing the element under consideration. In the case of pure hydrogen we can write the equilibrium condition as
where α B (cm 3 s −1 ) is the total hydrogenic recombination coefficient. The number of hydrogen ionizing photons,
where L h [erg s −1 ] and T is the total luminosity and the temperature of the hot star, respectively. Having independently determined L ph we compare the EM given by observations (Eq. 9) and that required by the ionization model (Eq. 10). In Table 2 we give results for the objects with available parameters. We obtained the observed fluxes from the energy distribution in the spectrum at λ3646 −Å and used the hydrogen emission coefficient ε 3646 − = 3.36 10 −28 erg cm 3 s −1Å−1 (Gurzadyan 1997) . For a comparison, we also estimated the nebular flux from the U -magnitude according to the calibration of Henden & Kaitchuck (1982) . In this case we adopted ε U = 1.9 10 −28 erg cm 3 s −1Å−1 as the average of ε 3646 − and ε 3646 + .
We can calculate the EM directly by integrating emission contributions throughout the volume of the ionized zone defined by the model (Eq. 7). The calculation of the H i/H ii and He i/He ii boundary in 2-D representation can be found in STB and Nussbaumer & Vogel (1987) , respectively. Using Nussbaumer & Vogel (1989) , we derive an upper limit to the modeled EM assuming the sphere around the cool star to be fully ionized from r = Q to r = ∞. The parameter Q is the location of the H i/H ii boundary on the line joining the cool and the hot star (Q > R ∼ R g ). The particle density n(r) is given by the mass-loss rate of the winḋ
where µ is the mean molecular weight, m H is the mass of the hydrogen atom and the velocity of the wind is given by Eq. (8). Then the EM for a completely ionized medium (n e = n + ) can be calculated from the following analytical expression
for γ = 0.5 and
Nussbaumer & Vogel (1989) derived formula (13) for the special case of γ = 2.5. This approximation can be used for cases when the major part of the circumbinary environment is ionized, i.e. the parameter X > 10 (Fig. 3) . We applied the formula (13) to Z And, AG Dra and V443 Her (Col. 6 in Table 2 ). The calculated EM is somewhat lower than that indicated by observations. However, given the large uncertainties in fundamental parameters (mainly in d,Ṁ and L h , see Appendix A) we still consider the calculated values to be consistent with observations. However, if the calculated EM according to Eq. (13) is really lower than that measured, this could imply the presence of an additional source of particles in the system -for example, the hot star wind. Note that in the case of an open ionized zone a portion of the L ph photons escapes the system, and thus an injection of new particles (emitters) into such a zone will produce an extra flux. We find that the observed EM is consistent with that produced by the ionization model. This implies that all the L ph photons consumed by the particles of the giant wind are needed to produce the observed nebular flux. However, in the model of the reflection effect only a small part of ionizing photons, (R g /2A)
2 × L ph (Sect. 3), can be used to produce the nebular radiation. This causes the discrepancy between the β parameter given by observations and much larger value, required by models of reflection effect to explain the amplitude of the LCs.
We now will demonstrate that the variation in the EM is responsible for the investigated wave-like variation in the LCs.
Variation in the emission measure
The quantity of the EM in the continuum also varies as a function of the orbital phase (e.g. Fernandez-Castro et al. 1988; Mikolajewska et al. 1989; Mikolajewska & Kenyon 1992; Dobrzycka et al. 1993) . To investigate this variability we express Eq. (9) in the scale of magnitudes (m λ = −2.5 log(F λ ) + q λ ) as
where
in which the constant q λ defines magnitude zero. For the standard photometry and fluxes in units of erg cm −2 s −1Å−1 , q U = −20.9, q B = −20.36 and q V = −21.02 (Henden & Kaitchuck 1982) . Using Eq. (14) we constructed the LCs from the measured values of the EM in BF Cyg and Z And and compared them to those obtained photometrically. We calculated the Bmagnitudes, because in these objects the nebular contribution still dominates the continuum and the emission coefficient is nearly constant in this region. We used ε B = 0.5 10 −28 erg cm 3 s −1Å−1 (Gurzadyan 1997 ) and d = 4.6 and 1.12 kpc for BF Cyg and Z And, respectively. Figure 4 shows that the variation in the EM follows well that observed in the LCs. In other systems, where only a few measurements of the EM at different orbital phases are available (AX Per, AG Dra, V443 Her), we estimated the amplitude as
We find that the observed range of the EM is comparable with the amplitude of LCs in the U band of these systems (the last column in Table 2 ). We conclude that the variation in the EM produces the observed phase-dependent variation in the LCs of symbiotic binaries.
Note that the decrease of the LC amplitude with wavelength is caused by an increase of the cool giant contribution, which does not vary with the orbital phase. The same effect takes place towards the short wavelengths due to an increase in the stellar contribution from the hot star (see Fig. 4 of Kenyon et al. 1993) .
Variation in the hydrogen lines
Together with the periodic variation in the nebular continuum, the same type of variability is observed in fluxes of Balmer lines. The source of hydrogen emission in lines is also the H ii region. Therefore the variation in both the hydrogen continuum and the lines should be of the same nature. So the EM derived from the hydrogen continuum should be consistent with that given by the Balmer lines, assuming an optically thin regime and the case B of recombination. In Table 3 we summarize results for the line Hβ. We calculated the EM β according to Eq. (9) using the volume emission coefficient in the Hβ line, ε β = 1.23 10 −25 erg cm 3 s −1 . We can see that the EM β is by a factor of ∼5, on average, lower than that derived from the Balmer continum. This discrepancy can be caused by atenuation of the H i emission due to (i) an absorption originating from the cool component wind and (ii) the self-absorption effect, when the nebula is partially opaque in the line Hβ and Hγ, in addition to the case B. The first case is demonstrated well by sets of observations along the orbital cycle (e.g. Oliversen et al. 1985) . The wind absorption component is more pronounced around the inferior conjunction of the giant (see Fig. 3 ), which makes the amplitude of the variation in line fluxes even larger. The second case is indicated by the observed very (Mikolajewska et al. 1989) were converted into the B-magnitudes according to Eq. (14) . Compared is the LC in the B band obtained photometrically during the same period, between JD 2 445 700 and 2 446 718 (Hric et al. 1993) . Bottom: the same as the top, but for Z And. Measurements of the EM were taken from Fernandez-Castro et al. (1988) , and photometric B-magnitudes from Fig. 1 , but omitting the active phase. These results show that the variation in the EM is fully responsible for the variation in the LCs steep Balmer decrement (Hα/Hβ/Hγ ≈ 7/1/0.4, for objects in Table 3 ), which is not consistent with the theoretical prediction (2.85/1/0.47) that the excitation is due to photoionization. Moreover, attenuation of hydrogen fluxes could also be in part due to electron collisions in a dense H ii region, and/or partly caused by selective interstellar absorption. Therefore the EM β represents only the lower limit of the EM derived from the Balmer continuum.
As the variation in the emission of the Balmer lines is connected with the H ii region -the dominant source of the optical/near-UV continuum -the observed periodic wave-like variation in the continuum should always be followed by a similar variation in Balmer lines.
Why does the emission measure vary?
To produce the wave-like variation in the LCs along the orbital cycle, the nebula -the main source of the optical continuum in symbiotic binaries -has to be partially optically thick and of a non-spherical shape. In our simple ionization model the opacity, κ, of the ionized emission medium decreases with the distance from the cool star, since κ ∝ n ∝ r −2 (i.e. its parts nearest to the giant's surface will be most opaque). It is probable that the observed emission will also depend on the extension of the ionized region. Below we give a qualitative description on how, or whether, it is possible to produce the observed profile of LCs within the ionization model mentioned above.
(i) In the case of an oval shape of the H ii zone ( Fig. 3 ; a small parameter X), its total emission will be atenuated more at positions of the inferior and superior conjunction of the cool star (the orbital phase ϕ = 0 and 0.5, respectively) than at positions of ϕ = 0.25 and 0.75, respectively. Such apparent variation in the EM will produce both the primary and the secondary minimum in the LC and will thus mimic the ellipsoidal effect in binaries containing a giant star. This type of LC profile corresponds to the parameter a ∼ 1 (right panels of Fig. 1) .
(ii) A gradual opening of the H ii zone (approximately 0.3 < X < ∼ 1) will make it optically thinner behind the hot star (outside the binary around ϕ = 0.5). Thus, more of the nebular radiation, relative to the case (i), will be observed at the position of ϕ ∼ 0.5. The secondary minimum in LCs will therefore become less pronounced or flat, and/or a maximum at ϕ ∼ 0.5 can arise. The LC profile here should be characterized by the parameter a > 0.5 (mid panels of Fig. 1 ).
(iii) Given an extensive emission zone (X > 10) one can imagine the partially optically thick portion of the H ii region as a cap on the H i/H ii boundary around the binary axis. This resembles the geometry of the reflection effect, but the emission region causing the light variation is physically displaced from the giant's surface (see also a sketch in Baratta & Viotti (1990) , who drawn such regions for Fe ii and C iii lines). In these cases the LC profile is similar to that of the reflection effect, i.e. the parameter a ≤ 0.5 (left panels of Fig. 1) .
A relationship between the parameters a and X supports the connection between the shape of the LC and the extent of the symbiotic nebula mentioned above (Fig. B.1,  Appendix B) .
However, the real structure of the ionized region in symbiotic binaries is probably much more complex. Currently it is being intensively investigated (e.g. Schmid 1998) . For example, the observed systematic variation in the minima position (i.e. an apparent change of the orbital period) requires an asymmetrical shape of the H ii zone with respect to the binary axis (see Sect. 4.1 of Skopal 1998a in more detail). A modification of the STB model, which includes effects of the orbital motion, is outlined in
